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NASA-GSFC’s heritage of space laser 


SATELLITE 
ATS-F (GEO) Heterodyne CO2 (gas) HgCdTe 
ACTS (GEO) Direct Detection | Laser diode | APD. PIN 


ISS (LEO), TORSS-LIGHT(GEO) | Direct Detection | Laserdiode | APD | 1.2Gbps— | 
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CO; Laser Communication Systems for Near-Earth 
Space Applications 


JOHN HL Mc ELROY, semon wanes, ee, NELSON Mc AVOY, EDWARD H. JOHNSON, wevawn, ee, 
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EARLY SPECULATION on the applicability of lasers to space co 

concentrated on deep-space missions (see, 62, [ 11-[4]} I11 t Fresammes ba-ar Communiention vechnaloglen Vz, 
the 1960's rt became evident that the more imporiant E EARL 

on the applicability of lasers ta space communications concer 

space missions (see, eg [ 11-[4]) In the latter halfofthe 19. “a Fe 
evident that the more important application was to near-Earth - 9 nites sytem eae 
particularly in support of remote sensing applications [51,/€ —_ 

the technology of teriestrie! CO2 taser communication finks hy Pell fest { For (452 kB) } 

tne point where the basic parameters were known and & cred tracking and Deiny Reiny Satellite System (TDRSS}-LIGH?: « spece communications architecture 
could be made for system feasibility [74-[ 9.1 After an atterr Barried 0 Seery, Michwel W, Fitzmaurice, Wiliam L. Hayden, Irseph Rurt, Pater 0. Minott, and Michael A. Kraioak 
commuricavons system on the ATS-F satellite was cancelled NASA Gontoinrd Space Fligte Ob. (054) 


budget constraints. 4 systematic development program W45 ll theraisa growing intarest In applying the resources of the Tracking and Data Relay Sateilite System (TDRSS) ss the primary support 


objactive or removir ig all possthie uncertanhes before again ¢ capability for future srmafl satellite users. This interest is based on 2 variety of benefits offered by the TORSS, and rot avaliable with 
. globatly-distributed space-graund links. An architecture based o7 an opticat augmentation to the currant TDRSS space network Is 
resources to a flight expe:ment. This program was begun inl! dicossed, including a candidate design for the user snd rely terminals. 


results are described here 
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?>PM Laser Communication Transceiver Testbed 





aser Communications Greenbelt, MD to Lunar 
ynnaissance Orbiter Uplink 
* First successful test, 5/9/2011, 3:40 pm EDT 


Pree space laser Communication exoerinients were 


. 


a 
eh 


mnducted Velween the Satellite laser ranging (SLR) 
Station al NASA Goddard Space Flight Center and 


ae 


the Laser Ranging (LR) receiver on the Lunar 
Reconnaissance (LRO) over a4 380,000-km distance 
/11. The faser pulse trigger times were 
modulated by a 1024-ary pulse position modulation 
(PPM) signal centered in the LR range gale interval 
The received siqnal showed an 80% PPM word 
detection rate, which was typical for laser ranging 
measurements rough atmosphere under a clear 


sky condition 


PPM signal ~ 
generating 
equipment 
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: eritage Elements - Mars Laser Communication 
Jemonstration 









Earth Terminal 

* Considered Ground-based, Balloon-based, 

Mars Terminal and Space-based terminals. 

* Alarge aperture area is needed to collect 
enough light to overcome the extreme 











* Generate Optical Power 









* Encode and Modulate the Data range. 
bee - aoe 4 aia : * Need to couple capture light onto efficient 
ree Bparniemien pesconl | hs Demodulate and decode the signal. 







* Receive uplink commands at * Transmit a beacon and uplink commands. 
approximately 10 bps * Needs to operate in daylight 











Link Control 
¢ Dynamically select terrestrial site and inform Mars terminal 

¢ Optimize lasercom parameters for changing conditions and inform all terminals 
* Coordinate transmission, buffers, retransmissions, ... 







deritage Elements - Lunar Laser Communication — 
Jemonstiration | 


Lunar Lasercom 
. Space Terminal 


Lunar Lasercom Ground (LLST) 
Terminal (LLG!) 10cm @0.5W 
. 40-622 Mbps xmt @1550 nam 


Location TBD 10-20 Mbps rev 


_ & a C LADEE 
Lunar Lasercom ) G Mission Ops Center 
“OCTL’ Terminal | 
Geni LADEE 
Na ISN | Science Ops Center 


Ops Center (LLOC) | : LLOC Echo 
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SCaN Notional Integrated Communication Architecture 


Titan 
RITE Wels ns Neptune 
IED Relay 
Satellite 3 . Payload —s eH eT 
e: be feted at ty) | 
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NearEarth ~- 
Optical Relay = 
Pathfinder 


SCaN Services Provide: 
r * Integrated service-based architecture 
yt yeMste1 * Space internetworking (DTN and IP) 
eae NY + International interoperability 


Ge cL ilale (lg ; = 
- Assured safety and security of missions 


+ Significant increases in bandwidth 


stical Links 


uk HAS 





Some NASA Goals 











"LCRD Mission Statement 






_LCRD will demonstrate optical communications relay services 

between geosynchronous orbit (GEO) and Earth over an extended 
period, and thereby gain the knowledge and experience base 
that will enable NASA to design, procure, and operate cost- 
effective future optical communications systems and relay 
networks La 
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Os 5d Mission Architecture . Sy 


L) Commercial Spacecraft Host 
a Tule ie yload 


Two Lunar Laser Communication Demonstration (LLCD) ae Optical 
Modules 


Two LLCD Pulse Position Modulation Modems 


Two Multi-Rate Differential Phase Shift Keying Modems based on a MIT 
Lincoln Laboratory Design 


Two Optical Module Controllers 
High Speed Electronics to interconnectthe two terminals, perform data 
processing, and to interface with the host spacecraft 

a Two Optical Communications Ground Stations 


‘NE Upgraded JPL Optical Communications Telescope Laboratory (Table 
Mountain, CA) 


Upgraded LLCD Lunar Laser.Ground Terminal (Location TBD) 
LCRD Mission Operations Center 
: Connected to the two LCRD Optical Communications Ground Stations 
. Connected to the Host Spacecraft Mission Operations Center 


Ground Link . 
*, 
callink 1 gpticat Link Ny 
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eat ite ail) 
White Sands 
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Payload Electronics 
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9PM Modem Testbed 


— Photons/Bit,dB 


Bit Error Rate, -log 
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PPM Modem Testbed: 
Demonstrated Functionality of 4-ary PPM (LLCD Uplink) 





* 4-ary PP (uplink) 
~ 325 Mbps slot rate encoding and decoding 


— Automated Viodulator Bias contro! for high 
Extinction Ratio 


— Built with heritage Encoder and Decoder 









4-ary Encodsr 





















DPSK Modem Breadboard 
‘Demonstrated LCRD Required Performance 


RZ-DPSK breadboard with tri-state driver was 
successfully assembled, tested and demonstrated 

-— Assembied out of COTS components 

— Performance verified to be within 2.7 dB from the quantum limit 


* FPGA loaded with DPSK image to generate objective 















E 4 
framing 
— Xilinx Virtex-6 é 
-_ tri-state generation 
* Achieved 1e-6 BER with 25 photons per bit s 
— Optimizing signal integrity from FPGA will improve performance 7 p+ Pope pee pp. 
— FPGA clocking scheme improvement will reduce jitter penalty 8 Lh ri Piet 
—— DPSK Quantum Limit 1} Lt. I 
—— Measured RZ-DPSK 
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Balanced 
Detector 


FPGA 
Delay {(DPSK Framing) 


Interferometer 
= Mz 


Modulator 
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developmen 





Challenges of combining modems 


Different clocks (only optics can be shared) 


nherited different data frame structure 





PPM and DPSK Modems Combining options 


Assumptions 


Case i. 

No changes te ihe 
existing MITLI modems 
designs 


Case 2: 

Minor Functional 
Changes to the modems 
designs not impacting 
performance. 


Case 3: 

Minor modifications to 
DPSkK modem - 
capabilities not changed. 
PPM modem can be 
completely “overhauied” 


Solutions 


Sembine/ 
split ontical 
signals 
betwoen 
roouiems and 
Optical 
viodule 


Combine/ 
spit optical 
signals inside 
one of the 
modems; HPA 
and LNA of 
one of the 
modems are 
shared 


‘slarization 


Switening 


, Polarization 


Switching 


DPSK iviedem upgraded to modulate 
and detect PPM signals. Clock 
Recovery detector is used to detect 
PPM data signals 


Impact 


“ds of addsticnal link loss each way for doth modulations 
“Adcitional coraporent 


*sub-dB of aduttional liek loss each wav for peth modulations 
* Tune/repiace waveiength selecting components on PPM modem 
*Aguiliona: wavciong i 


*sub-c8 of additional link loss each way for both modulations 
*Adational polarization controling comsonect 
* Additional polarization sétecting component 


*sub-d3 of additional ink joss cacn way for both modulations: 
“Additional switching co-ponent {requires clectncal connect vify for 
control) 


*Two fiber connections between PPM and DPSK modems 
«Additional component 


* Two fiber connections between PPM and DPSK modems. 
*Tune/repiace wavelength selecting camponents on PPM modem 
eAdditional waveleng rf comnonent 


* Two fiber connections between PPM and DPSK modems 
* Addiiional polanzation controlling component 
* Additional pclanzation selecting component 


* Two fiber connections between PPM and DPSK madems 
* Additional switching component (requires elestrical connectivity for 
eantrat 


*Agaitional component on receive side to split the signel into twe optical 
paths — one for DPSK and the other for clock recovery ang PPM 
thresho'd detection 








ase 1: No changes allowed to be made to existing 
modems designs 








Options 










Power Combiner 
* WDM Multiplexer 


* Polarization Combiner 
Power Switch 









Optical Module 





Power Splitter 
* WDM De-multiplexyer 
Options Pros Cons rating 















Simplicity and 


el tow SWAP 


Largest impact on Link budget 2 















Lowest Impact Required a separate wavelengths for PPM 
Wavelength — on link budget, modem TX and RX: same design, different 4 
low SWAP part numbers spectral filtering components 








The most complex: requires polarization 
Polarization Low SWAP controler on PPM transmitter; may not be 4 
feasible for receiver 








Low rnsertion Reliability, needs electrical connection and 
loss command to switch 





Switch 






se 2: Minor changes allowed. No performance impact « y 


- _PPMModem | — : 


° Selected transmit signal (PPM 
or DPSK) is amplified by DPSK 
booster amplifier before 
Power Combin . ; 
eet irae reaching Optical Module 


Polarization Combiner ¢ Received signal from Optical 

Power Switch ofS tease nts 
module is first amplified by 
the DPSK 1" stage amplifier, 
than routed to corresponding 
(PPM or DPSK) EO slice 


Options 


Power Splitter 
WDM De-multiplexer : 
Polarization Splitter Optical Module 


Power Switcn 
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DPSK Modem 








base 3: Minor Mods to DPSK. PPM can be “overhauled” Se 


Transmitter 






Modem Chassis - 25 








DPSK modem is used to 
generate PPM signals as well 











* Transmitter — same tri- 
state pulse generation for 
PPM as for DPSK 


«Receiver - photo-detector 
being used for clock 
recovery is used for PPM 
detection 
















Phato- 
detector bow 





Delaytine 
interferometer 
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Integrated Modem Demonstration | Sy 





Used Arbitrary Waveform Generator to create 
tri-state DPSK and PPM 2.88 Gslots/sec signals 


BERT system used to detect and verify performance of the link - 
W within 2.6 dB from the DPSK quantum limit 


1e1 ‘Developments Channel Emulator 


ne 
Channei 


eee ee 


ectbuwea dates ees evi ue tas gta sa ' Manual 
iT ransmitter Emulator 










Developments - Optical Link Modeling 





f 
De mecrod a modeling tool to support selection of optimum components an 
system tuning optimization 


Modeled Return-to-Zero DPSK link with COTS software (Optsim, Rsoft) 
eal parameters from actual components were used to model Optsim Com| ponents 
ete w as s verified by matching model and testbed transceiver BER per f orme Ice 


















DBPSK. Receiver 






OpiSim medel for R7-DEPSK transmitier 





ye Diagrams used to verify Modeling Accuracy 
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summary 


>cessfully built and demonstrated EO elements of PPM ane 
DPSK breadboards operating at required detection sen nsitivi 


monstrated Combined Modem operation 


Built a and te: sted aoe’ Channel SUCHE 
oped realistic LCRD poo. CO a ‘ation modeling to 
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Path Forward 

< 
(Near Term) Development of the Engineering Development L 
a Serve as performance qualification modems for the flight terminals 
= Lately will be updated to constitute modems for the ground stations 
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Development 
Sequence 











Erbium Doped Fiber Amplifiers 





+ Fiber-based self-test input 


Optical Data Generator Souble-Pass Erbium-Gepsel Finer amplifier 























| 
{ t er Fiber 
i. os i Dalat Er-Doped Fiber “Doped 
(4550.42nm} Modulator isolator Beam Splitier wou & WDM () WON 
a | Self-Test Laser 
£ | (1567.95 nm} 
= 1%, PML SSM 
5 ons 41550 ; aot | 
mh Phe e7énm 878 nm 
ad PMC PMC sy, f 195% 
hat 
oor 
2 Lis — 4% 99% 
= 1@ 20% @ ©| @ 
Bid % a wey Photodiode 
Y mw OA zt | EB (monitor paint} 
Pumpi Pump2 Pump3 Pump4 
(876 nm) (976 nm) 
Output to Fiber Test Port 






Optical Module 












LCRD Integrated Modem 
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Transmitter Sehnadeadtceuny, 
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Path . 
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Optical Controls Condition 





Laser Communications Potential S& 


GHz THz PHz 


Frequency 10° Hz 1015 Hz 
LWIR vis ,UV 


0.3 um 
Fiber telecom bands 


Features of extremely short 
wavelengths of IR light _ 





The Power of Wavelength! 


RF Optical 


I 10-cm space terminal 
and (~2-2.3 GHz) * Optical (192 THz !!!) 


x 
ha 


20-kW transmit power * 0.5-W transmit power 


Equivalent Isotropic Radiated Power Comparison 


re 

: - ‘Guat . 

a - 7 am ~r~ oO 
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Beamwidth Example: Radio from Mars 


When an antenna (or telescope) is optimally focused, 
its beam still diverges at an angle proportional to the 
wavelength 


Beamwidth of radio beam ~ 0.75 * 
ba TaCRent cen Cie) Beamwidth of radio beam ~ 0.19 ° 


(for Ka band, 3 meter antenna) 





Beamwidth Example: Optical from Mars 


Beamwidth of optical beam ~ 0.00029 ° 
2050 Km 
(for 1.55 um, 0.3 meter) 











LCRD Demonstration Scenarios | 





» LCRD will operate in multiple configurations to SuPpOnES a 
riety of scenarios 


— Optical link and hardware characterization 
_ — Direct-to-Earth Operations 
_ — Relay Operations 
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Modulation Techniques | 
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DPSK Modulation & De-Modulation | Ss 


h slot contains an optical pulse with phase = O ort. The phase difference 
between adjacent pulses yields data. 

\ DPSK yields N-1 Data bits 

Each DPSK burst preceded by one “seed” pulse of the proper phase 











-t = slot period 


o{n] 






encoder 










fiber 
interferometer 













Lasercom leverages advances of 
Fiber Optic Communication 


No re-amplification along the way (similar to 
ea rly Metro type fiber-Optic systems) 
* No fiber - no dispersion (sort-off) 


= Dispersion i in refractive optics of telescope which 
—_fimits DWDM capability - pointing issue 


se But, in terms of ISI (inter-symbol interference) it 
is 5 quite advantageous 


les use of large power optical amplifiers 





bile e power (> 30 oe) which 
es Ci neceo ! eee 


Laser Communications and Space : 
Internetworking Benefits 5 


ae 
eommunications Technology Goal: Minimize constraints on future missions 
imposed by communications and navigation systems 


In creased data rates 


— Red uced size, weight, and power 


ey erections access and capacity 
i 
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nial aoe : a Of Space cOnmmunications 
J \ 


Proceedings of SPIE -- Volunie 2223 A 
Free-Spoce Laser Communication Technologies VI, G. Stephen Mecherle, Editor, August 1994, pp. 172-297 


~Srptions For salecad Artules 
(cheese anacnon SY a) 
Age 1D MV AC is We Shee & Situs feet 
{Sete ger eee 
Full Text: { PDF (441 kB} j 


Tracking and Delay Relay Satellite System (TORES)-LIGHT: a space communications architecture 


Bernard BD. Seery, Michael ¥. Fitzmaurice, William &. Heyden, Joseph Burt, Peter 0. Minott, and Michael A. Krainak 
NASA Goddard Space right Ctr. (USA) 


There is a growing interest in applying the resources of the Tracking and Data Relay 
capability for future small satellite users. This interest is based on a variety of banefi 
globally-distributed space-ground links. An architecture based on an optical augment 
discussed, inctuding a candidate design for the user and relay terminals. 
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GSFC (pre-1990) History 
1970-1977 


PROCEEDINGS OF THE IEEE, VOL. 64, NO-2, FEBRUARY 1977 221 


CO, Laser Communication Systems for Near-Earth 
Space Applications 


JOHN H. Mc ELROY, senior MEMsER, WEE, NELSON McAVOY, EDWARD H. JOHNSON, memeer, Ince, 
JOHN J. DEGNAN, FRANK E. GOODWIN, mesmen, iree, D. MICHAEL HENDERSON, semper, IEEE, 
THOMAS A. NUSSMEIER, LYLE S. STOKES, BERNARD J. PEYTON, senior meweer, IEEE, AND 
THEODORE FLATTAU, memner, 
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_ Free space laser communication experiments oS 
from earth to the Lunar Reconnaissance Orbiter: 


a ae | “* = 
Paper 8246-16 of SPIE Photonics West Conference 8246 ns 
Yate: Wednesday, 25 January 2012 


Xiaoli Sun, David R. Skillman, Ronald S. Zellar, eee Neumann, Leva Mcintire, evan Oy ott nar 





NASA-Goddard Space Flight Center: 
Lasercom history and past/present synergy 
with space laser instruments 


SUMMARY 


NASA-GSFC has a rich history of space laser communications 
projects from the 1960s to the present. 





Infusion Targets 


Technology Demonstration Missio 
(TDM) is an opportunity to do as much 
for as many different applications as 
possible, but cannot do everything fo 
everybody 

~ Cost/schedule/co 

~ Physics and geor 
The primary infusi 
Generatio 








Technology Objectives 


ara 






services between GEO and Earth to enable 
future optical communication systems and 
relay r networks 





Provic e the necessary operational 
experience to guide NASA in developing an 
architecture. and concept of operations for a 
uture apt ical based network 


Demenstrate 1 networking protocols including 
1 board Payload i at target data rates 










plicable to Mars o Lin2 may trunk lines — 


ee eee cei Ces 


Project Overview 


Mission Concept 






Orbit: Geosynchronous 
— 162°W to 63°W Longitude 

2 years mission operations 

2 operational GEO OMs 

2 operational Optical Earth Terminals 

Ability to support a LEO User 

Hosted Payload 

Launch Date: Dec 2017 ‘ 



















| | ] 
Optical Communication Modem Functionality 


atical communication modem provides following functionalities to the 
2m 
Gener ates and detects optical signals 
Modulates and De-modulates optical signals (Mo-Dem) 


for LCRD) | 
Boosts and pre-ampilifies optical signals 
oh 


He eater arg ‘ome a ms 
ptical signals 
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Viodem is a “heart” of the Optical Terminal 


(Ground Terminal Example) 
| Modems 
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Adaptive 
Optics 
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Encoding # Encoding 


DOPSK 
Decoding 


Data and == 


Control ‘) 
Data, Telemetry Command | 
ere Storage and Transfer a and Control 


Communications with MOC 
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Detailed View of PPM Modem (LLCD Design) 







7 > .4 + 
= Fiber-Optics Board 


mn 






Laser Board 






* Control Board = ~ 


M message bits are encoded by transmitting a single 
pulse in one of 2” possible time slots. It is repeated ever 
T seconds such that the transmitted bit rate is M/T bps 


° Lasercom Downlink 

-~  16PPM 

— Data rate varied by changing slot rate (0.311 - 5GHz) 
* Lasercom Uplink 

— 4PPM with dead time 

— Fixed slot rate, 31.1 Mslot/s 

— Data rate varied by changing dead time (12 or 28 slots) 
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Detailed View of DPSK Modem 


Fiber-Optics 
Slice (RX side) o Fiber-Optics 
Slice (TX side) © 
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‘Lasers Slice & 
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E Breadboards Planed Development in FY1: 


oe | Uk ses a 
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im jee 


Added Functionalities 
by the end of FY12 


1) Build DPSK and PPM prototypes from CO parts with performance 10 dB worse than MIT/LL 
2) DPSK and PPM protetypes performance 10 dBjoff that of MIT/LL 

3) Use MIT/LL PPM and DPSK modem design? af guidance 

4) Labs and test equipment are available 

5} Contractor support is available if needed 

6} Procurement process is less than 12 weeks for any part 

7) FTE manpower support is available immediately 

8) Receive adequate information on DPSK modem 











LCRD Testbeds: PPM 
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